Despite existing multimodal therapies, pancreatic cancer exhibits high metastatic capability and poor prognosis. Extracellular vesicles (EVs) are nanoparticles comprising lipid bilayers and various other components, such as protein and nucleic acids, derived from secreted cells. Recent research has demonstrated the involvement of EVs released from cancer cells in the metastasis of cancer cells to distant organs. However, the effects of EVs released from pancreatic cancer cells on other pancreatic cancer cells in a tumor microenvironment remain unclear. The present study aimed to elucidate that EVs released from PK-45H pancreatic cancer cells are taken up by PK-45P pancreatic cancer cells derived from the same patient through dynamin-related endocytosis. Additionally, EVs released from PK-45H cells augment the phosphorylation of classical mitogen-activated protein kinase (MAPK) pathways in PK-45P cells. The uptake of EVs released from PK-45H cells by PK-45P cells stimulates cell migration through the classical MAPK-dependent pathway, suggesting that EVs released from one pancreatic cancer cell are taken up by other surrounding pancreatic cancer cells and could be critical inducers of cancer metastasis in the tumor microenvironment.
Introduction
Extracellular vesicles (EVs), which are small particles released by various cells into the extracellular environment (1), were first described by Pan and Johnstone from sheep reticulocytes in 1983 (2) . EVs is a generic term, which includes exosomes, shedding microvesicles and apoptotic bodies (1) . EVs with diameters ranging from 30 to 1,000 nm comprise a lipid bilayer membrane that encases the cytosol, as well as various components, including proteins (3) (4) (5) , mRNAs (6) , microRNAs (6) (7) (8) , long noncoding RNAs (9) , natural antisense RNAs (10) , and DNAs (11) . Subsequent studies have reported that the release of EVs is a crucial mediator of intercellular communication involved in normal physiological processes, as well as the pathological progression (12) (13) (14) . Moreover, released EVs can exert their effects on recipient cells through various signaling pathways and trigger specific phenotypic changes (15) (16) (17) .
It is imperative to comprehend the molecular mechanisms of the EV release from donor cells and the processes by which they are taken up by recipient cells. Previously, the biogenesis of exosome-like EVs has been suggested to be associated with the endosomal sorting complex required for transport (ESCRT) (18) . Additionally, ESCRT-related proteins, such as ESCRT-I, -II, -III, and Alix, have been reported to be recruited to the cytosolic sides of multivesicular bodies (MVBs) to form exosome-like EVs (19) . Neutral sphingomyelinase 2, a rate-limiting enzyme in ceramide biosynthesis, affects the secretion of microRNAs (20, 21) . Nearby cells or reach distant cells uptake released EVs through the blood or other body fluids. Studies have suggested that the mechanisms of uptake include endocytic pathways, such as endocytosis, phagocytosis, micropinocytosis, and direct fusion with the cellular membrane (22) (23) (24) (25) .
Pancreatic cancer, most commonly known as pancreatic ductal adenocarcinoma (PDAC), remains one of the most deadly diseases with limited effective therapies available. Despite a better understanding of tumor biology and optimization of current treatment modalities, the 5-year survival rate of pancreatic cancer is only 8% in the United States (26) . Perhaps, the low survival rate of PDAC could be attributed to an aggressive biological phenotype, which is characterized by early local invasion and metastasis (27) (28) (29) . Thus, elucidating the molecular mechanisms associated with the occurrence, development, therapeutic resistance, and metastasis of this lethal disease is a priority. The invasion and metastasis of tumors, such as PDAC, are complicated processes involving several extracellular factors. Some recent studies reported the involvement of EVs released from pancreatic cancer in cell-to-cell communication among various cells, such as endothelial (30) , stellate (31) , fibroblast (32) , and immune (33, 34) cells, under a tumor microenvironment. Masamune et al reported that exosome-like EVs released from pancreatic cancer cells induced the AKT phosphorylation and mitogen-activated protein kinase (MAPK) signaling in pancreatic stellate cells (31) . However, signaling and phenotypic alterations among pancreatic cancer cells through EV-induced endocrine or paracrine signaling remain unknown. Using several uptake inhibitors on pancreatic cancer cells obtained from the same patient, this study aims to investigate the uptake mechanisms of EVs released from pancreatic cancer cells and their effects on signaling and to examine whether EVs released from high-metastasis pancreatic cancer cells enhance the capacity of metastasis in low-metastasis pancreatic cancer cells.
Materials and methods
Cell culture. Riken BRC (Ibaraki, Japan) provided human pancreatic cancer cell lines PK-45H (RCB1973) and PK-45P (RCB2141) through the National Bio-Resource Project of the MEXT, Japan. PK-45H cells were derived from liver metastasis (high metastasis), whereas PK-45P cells were derived from a primary tumor (low metastasis) (35) . Subsequently, we cultured PK-45H and PK-45P cells obtained from the same patient using RPMI-1640 medium (Wako, Tokyo, Japan) supplemented with 10% fetal bovine serum (Thermo Fisher Scientific, Inc., Waltham, MA, USA), 100 U/ml of penicillin, and 100 µg/ml of streptomycin (Wako) at 37˚C in a humidified atmosphere of 5% CO 2 .
Purification and detection of EVs. We plated PK-45H cells on 10 cm dishes at a density of 2x10 5 cells per dish in the culture media. Culture media were discarded after 4 days, dishes were washed thrice in a serum-free culture medium, and 10 ml of the serum-free culture medium was added to each dish. Then, cell culture media were collected after 48 h, and EVs from cell culture media were differentially centrifuged and purified using a previously reported procedure (10) . After that, EV pellets were suspended in Dulbecco's phosphate-buffered saline [D-PBS (-)] or RPMI-1640 medium. We use a NanoSight LM10 instrument (NanoSight, Malvern, UK) to detect EVs released from PK-45H cells.
EV RNA isolation and detection. Total RNAs and EVs released from PK-45H cells were isolated using Isogen II (NipponGene, Tokyo, Japan). Then, we examined the sizes of extracted total RNAs using an Agilent 2100 Bioanalyzer and Agilent RNA 6000 Pico kits (Agilent Technologies, Inc., Santa Clara, CA, USA).
Uptake of EVs into cells. PK-45P cells were seeded into 8-well chamber slides at a density of 2x10 4 cells per well. After 24 h, the slides were washed thrice in D-PBS (-). Then, we added RPMI-1640 containing 10 ng/µl of EVs stained with BODIPY TR Ceramide reagent or SYTO RNA Select reagent (both Thermo Fisher Scientific, Inc.) into each well with or without dynasore (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) of a dynamin-dependent endocytosis inhibitor, chlorpromazine (Sigma-Aldrich; Merck KGaA) of a clathrin-mediated endocytosis inhibitor, nystatin (Wako) of a caveolin-mediated endocytosis inhibitor, or cytochalasin D (Wako) of a micropinocytosis inhibitor. We incubated PK-45P cells for 3 h at 37˚C in a humidified atmosphere of 5% CO 2 . Then, PK-45P cells were treated with 4% paraformaldehyde solution at room temperature for 20 min, followed by washing the slides thrice in D-PBS (-). After nuclei staining using ProLong Gold Antifade Reagent with 4' ,6-diamidino-2-phenylindole (DAPI; Thermo Fisher Scientific, Inc.), we covered the slides with coverslips and visualized using a confocal laser scanning microscope (LSM710; Carl Zeiss, Oberkochen, Germany) under similar conditions. Immunofluorescence staining. PK-45P cells were plated at a density of 5x10 4 cells per well in 12-well plates with round coverslips. We added PK-45H EVs stained with SYTO RNA Select reagent to PK-45P cells and incubated for 3 h at 37˚C in a humidified atmosphere of 5% CO 2 . Then, the coverslips were washed thrice in TBS buffer (25 mM Tris-HCl and 150 mM NaCl; pH 7.2) and fixed with 4% paraformaldehyde solution. After that, the coverslips were washed thrice with TBS buffer and incubated with a membrane-permeating solution (0.2% Triton X-100 in TBS buffer) at room temperature for 5 min. After washing thrice with TBS buffer, we incubated the coverslips with an Image-iT FX signal enhancer solution (Thermo Fisher Scientific, Inc.) at room temperature for 30 min. Subsequently, the coverslips were incubated with Can Get Signal Immunostain Solution A (Toyobo, Osaka, Japan) containing a primary rabbit monoclonal antibody raised against lysosome-associated membrane protein 1 (LAMP1) (no. 9091, Cell Signaling Technology, Inc., Danvers, MA, USA) at a 1:200 dilution for 60 min at room temperature. Next, we washed the coverslips five times with TBS buffer and incubated at room temperature for 60 min with an anti-rabbit immunoglobulin G (IgG) Alexa Fluor 647-conjugated secondary antibody (no. 4414; Cell Signaling Technology, Inc.) prepared in Can Get Signal Immunostain Solution B at a 1:1,000 dilution. Then, the coverslips were washed five times with TBS buffer followed by nuclei staining using ProLong Gold Antifade Reagent with DAPI. Finally, we visualized stained cells using a confocal laser scanning microscope (LSM710; Carl Zeiss) under the same conditions.
Western blotting. PK-45P cells treated with or without EVs released from PK-45H cells were lysed using the M-PER Mammalian Protein Extraction Reagent (Thermo Fisher Scientific, Inc.) supplemented with Halt proteinase inhibitor cocktail (Thermo Fisher Scientific, Inc.). We measured protein concentrations using a BCA Protein Assay Kit (Thermo Fisher Scientific, Inc.) and a Benchmark Microplate Reader (Bio-Rad Laboratories, Inc., Hercules, CA, USA). Protein samples were prepared using 4X sample buffer (0.25 mol/l Tris-HCl, 8% SDS, 40% glycerol, 20% 2-mercaptoethanol, and 0.02% bromophenol blue; pH 6.8). All samples were boiled at 100˚C for 5 min and immediately cooled on ice. Then, we performed electrophoresis using 12% Mini-Protean TGX Precast Gels (Bio-Rad Laboratories, Inc.) and electrophoresis buffer ( Transfer System (Bio-Rad Laboratories, Inc.) at 25 V and 2.5 A for 3 min. After that, we washed PVDF membranes with TBST buffer (25 mM Tris-HCl, 150 mM NaCl, and 0.05% Tween-20; pH 7.2) and incubated in PVDF Blocking Reagent for Can Get Signal (Toyobo) at room temperature for 60 min. After blocking, we incubated membranes in Can Get Signal Immunoreaction Enhancer Solution 1 (Toyobo) containing the indicated primary antibody at room temperature for 60 min. In this study, the primary antibodies used were as follows: Anti-GAPDH rabbit polyclonal antibody (no. ab9485; Abcam, Cambridge, UK), anti-phospho-c-RAF (Ser338; 56A6) rabbit monoclonal antibody (no. 9427; Cell Signaling Technology, Inc.), anti-phospho-MEK1/2 (Ser217/221; 41G9) rabbit monoclonal antibody (no. 9154; Cell Signaling Technology, Inc.), anti-phospho-p90RSK (Ser380; 9D9) rabbit monoclonal antibody (no. 9335; Cell Signaling Technology, Inc.), anti-phospho-ERK1/2 (Thr202/Tyr204) rabbit monoclonal antibody (no. 4370; Cell Signaling Technology, Inc.), and anti-ERK1/2 (137F5) rabbit monoclonal antibody (no. 4695; Cell Signaling Technology, Inc.). Membranes were washed five times for 5 min with TBST buffer and incubated at room temperature for 60 min with an anti-rabbit IgG horseradish peroxidase (HRP)-linked antibody (no. 7074; Cell Signaling Technology, Inc.) prepared in Can Get Signal Immunoreaction Enhancer Solution 2 (Toyobo). Then, we washed membranes five times for 5 min with TBST buffer and visualized bound antibodies using an ImmunoStar Zeta chemiluminescence system (Wako). Finally, images were analyzed using ChemiDoc XRS (Bio-Rad Laboratories, Inc.) with Quantity One software (Bio-Rad Laboratories, Inc.).
Wound-healing assay. PK-45P cells were seeded at a density of 1x10 5 cells per well in 24-well flat-bottomed microplates and cultured to 90% confluency at 37˚C in a humidified atmosphere of 5% CO 2 . A thin scratch (wound) was made in the central area using pipette tips, following which cells were carefully washed thrice with D-PBS (-). Then, RPMI-1640 containing 10 ng/µl of EVs released from PK-45H cells was added to scratched PK-45P cells. We measured the width of wound closure under an IX71 light microscope (Olympus, Tokyo, Japan) using DP2-BSW software (Olympus). All images were acquired at 0, 6, 12, 24, 30, and 36 h post-scratching.
Statistical analysis. In this study, statistical analysis was performed using Excel 2010 (Microsoft Corporation, Redmond, WA, USA) with the add-in software Statcel 3 (OMS Publishing Inc., Saitama, Japan). P<0.05 was considered to indicate a statistically significant difference. One-way ANOVA was performed followed by Tukey's multiple comparisons test.
Results
Detection of EVs released from pancreatic cancer cells. We used human pancreatic cancer cell line PK-45H for the collection of EVs into culture media, as described in the Materials and methods section. Using the NanoSight LM10 instrument (NanoSight), we examined the size and amount of EVs released from PK-45H cells. The detected EV particles had a diameter of 126±7.6 nm (Fig. 1A) . We extracted EV RNAs using Isogen II reagent (NipponGene) to confirm whether EVs released from PK-45H cells contained RNAs. Additionally, the size of the cellular and EV RNAs was examined using the Agilent 2100 Bioanalyzer (Agilent Technologies, Inc.,). We detected peaks for 18 and 28S ribosomal RNAs (rRNAs) in cellular RNAs of PK-45H. Also, we detected a single small RNA peak (size range: 25-200 nucleotides) in extracted EV RNAs but not rRNA peaks (Fig. 1B) . These findings suggested that EVs released from PK-45H cells exhibited exosomal characteristics.
Uptake of EVs released from pancreatic cancer cells by other pancreatic cancer cells via dynamin-related endocytosis.
Reportedly, EV uptake occurs through clathrin-mediated endocytosis, caveolin-mediated endocytosis, or micropinocytosis (36) . However, the mechanism through which EVs released from pancreatic cancer cells are taken up by other pancreatic cancer cells remains unclear. As such, we assessed the recipient pancreatic cancer cell uptake of EVs labeled with fluorescent dyes using various endocytosis inhibitors. Then, we added 10 ng/µl of EVs stained with BODIPY TR Ceramide reagent or SYTO RNA Select reagent (Thermo Fisher Scientific, Inc.) to culture media of PK-45P cells treated with dynasore of a dynamin-dependent endocytosis inhibitor, chlorpromazine of a clathrin-mediated endocytosis inhibitor, nystatin of a caveolin-mediated endocytosis inhibitor, or cytochalasin D of a micropinocytosis inhibitor to investigate PK-45P pancreatic cancer cell uptake of EVs released from PK-45H cells. Accordingly, PK-45P cell fluorescence declined when EVs were added to PK-45P cells treated with 50 µM chlorpromazine, 50 µM nystatin, or 1 µM dynasore ( Fig. 2A-C) . In contrast, we did not observe the EV uptake in PK-45P cells treated with up to 5 µM cytochalasin D (Fig. 2D) . These findings suggested dynamin-related endocytosis, such as clathrin-and caveolin-mediated endocytosis, and not micropinocytosis, as the mechanism through which EVs released from pancreatic cancer cells may be taken up by other pancreatic cancer cells.
EV RNAs taken up by PK-45P cells are not colocalized in lysosomes.
EVs released from donor cells are taken up by recipient cells and trigger changes in various functions. We analyzed the colocalization of EV RNAs in lysosomes to determine whether EV components taken up by PK-45P cells exhibited any effect. Additionally, EV RNAs released from PK-45H cells were stained with SYTO RNA Select reagent (Thermo Fisher Scientific, Inc.) and added to culture media of PK-45P cells, as described in the Materials and methods section. Then, we used fluorescence immunostaining to detect LAMP1, a lysosome marker, in PK-45P cells. Accordingly, EV RNAs taken up by PK-45P cells were not colocalized in lysosomes (Fig. 3) ; this crucial result suggested that several EV components released from pancreatic cancer cells do not degrade and function in other pancreatic cancer cells.
Enhanced PK-45P cell migration through EVs released from PK-45H cells via activation of classical MAPK pathways.
Reportedly, EVs released from cancer cells transfer information of donor cells (6). Qu et al reported that EVs released from cancer cells enhanced the phosphorylation of classical MAPK molecules in recipient cells (37) . Hence, we used western blotting to assess the phosphorylation status of MAPK-related molecules, such as c-RAF, MEK1/2, ERK1/2, and p90RSK, in PK-45P cells treated with 10 ng/µl of EVs released from PK-45H cells. Additionally, EVs released from PK-45H cells led to an increase in the expression of phospho-c-RAF Figure 2 . Uptake of EVs released from PK-45H cells by PK-45P cells. EVs released from PK-45H cells were stained using the BODIPY TR Ceramide reagent or SYTO RNA Select reagent (Thermo Fisher Scientific, Inc.). EVs stained with fluorescent dyes were added to culture media of PK-45P cells treated with (A) chlorpromazine, (B) nystatin, (C) dynasore, and (D) cytochalasin D. PK-45P cells were treated with chlorpromazine or nystatin at concentrations of 0, 10, or 50 µM and with dynasore or cytochalasin D at concentrations of 0, 1, or 5 µM. Fluorescence images were photographed using a confocal laser scanning microscope (LSM710; Carl Zeiss). Nuclei were stained using DAPI. Scale bar, 50 µm. The experiments were performed twice to confirm reproducibility. EV, extracellular vesicle; NC, negative control. (Ser338), phospho-MEK1/2 (Ser217/221), phospho-ERK1/2 (Thr202/Tyr204), and phospho-p90RSK (Ser380) in PK-45P cells within 10 min (Fig. 4A) , exhibiting that EVs released from PK-45H cells can result in the activation of classical MAPK signaling pathways in PK-45P cells.
We assessed the expression of phospho-ERK1/2 protein in PK-45P cells treated with 10 ng/µl of EVs in the presence or absence of 5 µM dynasore to confirm whether the activation of the classical MAPK pathway had been induced by the uptake of EVs released from PK-45H cells. Accordingly, EVs released Figure 3 . Localization of EV RNAs derived from PK-45H cells into PK-45P cells. EVs released from PK-45H cells were stained using the SYTO RNA Select reagent (Thermo Fisher Scientific, Inc.). EVs stained with fluorescent dyes were added to culture media of PK-45P cells. EV RNAs taken up by PK-45P cells are indicated by green fluorescence. Fluorescence immunostaining of LAMP1 was performed using these PK-45P cells. LAMP1 is indicated by red fluorescence. Fluorescence images were photographed using a confocal laser scanning microscope (LSM710; Carl Zeiss). Nuclei were stained using DAPI. Scale bar, 50 µm. The experiments were performed twice to confirm reproducibility. EV, extracellular vesicle; NC, negative control. Figure 4 . Activation of the classical MAPK pathway and effects on cell migration in EVs-treated PK-45P cells released from PK-45H cells. (A) The phosphorylation status of classical MAPK molecules, c-RAF, MEK1/2, ERK1/2, and p90RSK in EVs-treated PK-45P cells released from PK-45H cells. Phosphorylated proteins were detected using western blotting. PK-45P cells were incubated with EVs released from PK-45H cells for 0, 10, 30, or 60 min at 37˚C in a humidified atmosphere of 5% CO 2 . (B) Effects on ERK1/2 activation in EVs-treated PK-45P cells released from PK-45H cells in the presence or absence of 5 µM dynasore. Expressions of phospho-ERK1/2 and total-ERK1/2 were examined using western blotting. PK-45P cells were incubated for 10 min at 37˚C in a humidified atmosphere of 5% CO 2 . (C) A photograph of the wound width in PK-45P cells cultures 36 h after scratching. Scale bar, 200 µm. (D) Wound width (µm) at the indicated time points after scratching PK-45P cells cultures treated with EVs released from PK-45H cells at the final concentration of 10 ng/µl for 0, 6, 12, 24, 30, or 36 h. Cell migration was assessed in cultures incubated with U0126, MEK1/2 inhibitor, and/or EVs released from PK-45H cells. All bars, mean ± standard error of the mean. Each 6 sample was used. Statistical comparisons were determined using the one-way ANOVA with Tukey's multiple comparisons. The experiments were performed twice to confirm reproducibility. * P<0.05 and ** P<0.01. MAPK, mitogen-activated protein kinase; EV, extracellular vesicle. from PK-45H cells induced an increase in the expression of phospho-ERK1/2 (Thr202/Tyr204) in PK-45P cells without dynasore, which was inhibited by treatment with 5 µM dynasore (Fig. 4B ). This finding suggested that the enhancement of ERK1/2 phosphorylation by EVs among pancreatic cancer cells is dependent on dynamin-related endocytosis.
Reportedly, the activation of the classical MAPK pathway by EVs has been reported to induce cell growth and migration (38, 39) . We performed a wound-healing assay using culture media in the presence or absence of the MEK1/2 inhibitor U0126 to assess whether the activation of the classical MAPK pathway through EVs released from PK-45H cells altered cell migration in PK-45P cells (Fig. 4C and D) . The addition of 10 ng/µl of EVs released from PK-45H cells to culture media of scratched PK-45P cells led significantly higher migration of PK-45P cells for 36 h compared with that of untreated controls (P<0.01), suggesting that EVs released from PK-45H cells enhance the migration of PK-45P cells. Additionally, PK-45P cells treated with U0126 for 24, 30, and 36 h exhibited significantly lower cell migration compared with untreated controls at each time point (P<0.01, P<0.05, and P<0.01, respectively), suggesting that PK-45P cells induce cell migration through the classical MAPK pathway. Furthermore, U0126-and EV-treated PK-45P cells exhibited significantly lower cell migration after 24, 30, and 36 h compared with those treated with EV in the absence of U0126 at each time point (P<0.01, P<0.01, and P<0.01, respectively). These findings suggested that EVs released from PK-45H cells enhance the migration of PK-45P cells primarily through the classical MAPK pathway.
Discussion
This study demonstrated that EVs released from pancreatic cancer cells enhanced the capability of cell migration in other pancreatic cancer cells. Also, it elucidates that the uptake of EVs through dynamin-related endocytosis induced the activation of the classical MAPK signaling pathway. These findings suggest that pancreatic cancer cells could activate each other through EVs and that EVs could be involved in cancer invasion and transfer in a tumor microenvironment.
A tumor comprises various cells, such as cancer cells, cancer stem cells, normal cells, fibroblast cells, endothelial cells, and immune cells (40) . EVs act on target cells by circulating throughout the extracellular space, transferring into neighbor cells within the same environment and taking up contents to exert specific functions (41) . To date, the distinct mechanisms through which EVs participate in tumorigenesis and progression through various signaling pathways have been comprehensively investigated (42) (43) (44) . This study suggests that the uptake of EVs activates the classical MAPK signaling pathway. Yang et al reported that the phosphorylation of ERK1/2 and AKT was enhanced by treatment with EVs released from cancer cells (45) . Additionally, research has proven that EVs released from cancer cells carry crucial clinical relevance given their ability to modify the tumor microenvironment, facilitate the epithelial-to-mesenchymal transition and cytoskeleton reorganization, promote tumor angiogenesis, and affect tumor immunity, resulting in invasion and metastasis (41, (46) (47) (48) (49) . In human bladder cells, the treatment of T24 human bladder cancer cells with EVs released from the same tumor cells stimulated the activation of both ERK1/2 and AKT pathways (45) . Our findings are consistent with those presented in studies mentioned previously, suggesting that EVs released from pancreatic cancer cells can also activate the classical MAPK signaling pathway in other pancreatic cancer cells under a tumor microenvironment, as well as promote cell migration. On the other hand, MAPK signaling pathway is involved in cell growth. We examined the cell growth in EVs-treated PK-45P cells released from PK-45H cells using the alamarBlue reagent (Thermo Fisher Scientific, Inc.) and found that the capacity of cell growth did not considerably differ between the EV-treatment and EV-nontreatment groups (data not shown). Hence, we believe that cell growth is not induced by EV treatment.
Seemingly, cells uptake EVs through various endocytic pathways, including clathrin-mediated endocytosis, caveolin-mediated endocytosis, macropinocytosis, phagocytosis, and lipid raft-mediated internalization (50) . Several studies have reported that incubating cells at 4˚C remarkably decreases their capacity to internalize EVs, suggesting that the uptake is a process requiring energy, such as clathrin-mediated endocytosis, caveolin-mediated endocytosis, and macropinocytosis (51, 52) . This study suggests that EVs released from pancreatic cancer cells were taken up by other pancreatic cancer cells via dynamin-related endocytosis. Dynamin is a GTPase protein that is essential for membrane fission during clathrin-mediated endocytosis in eukaryotic cells (53) . Dynasore is a small, non-selective inhibitor of dynamin GTPase activity (54) . Previously, dynasore has been reported to inhibit the uptake of EVs (55, 56) . The findings of studies mentioned above are consistent with this study. Remarkably, EVs have been reported to enhance the AKT phosphorylation and cell migration, both of which had been inhibited by dynasore (57) . Thus, the inhibition of dynamin might suppress the AKT phosphorylation and cell migration in EVs-treated PK-45P cells released from PK-45H cells.
Additionally, dynamin is involved in caveolin-mediated endocytosis (58, 59) . Caveolin is a protein that is required and sufficient for the formation of caveolae (60), specialized domains of the plasma membrane that are implicated in the sequestration of various lipid and protein molecules (61). Nanbo et al reported that specific knockdown of the caveolin-1 (CAV1) gene results in decreased caveolin-1 protein and considerably impaired the EV uptake (62) . Likewise, this study demonstrated that the uptake of EVs among pancreatic cancer cells was suppressed by the treatment with nystatin, which works as a caveolin-mediated endocytosis inhibitor. However, Svensson et al reported that caveolin-1 protein negatively regulated the uptake of EVs by glioblastoma cells (63) . Hence, further investigation is warranted to elucidate the uptake of EVs through caveolin-mediated endocytosis.
Macropinocytosis is an endocytic uptake pathway that involves the formation of invaginated membrane ruffles that then pinch off into the intracellular compartment (64) . Additionally, dynamin is not involved in the uptake through macropinocytosis. Cytochalasin D is a metabolite that depolymerizes the actin filament network, causing the inhibition of macropinocytosis (65) . This study demonstrates that EVs released from PK-45H cells were not taken up by PK-45P cells through micropinocytosis. Thus, we believe that EVs released from PK-45H cells were taken up by PK-45P cells via dynamin-related endocytosis. However, one implication of the frequent failure to completely abrogate internalization following treatment with any given inhibitor is that the EV uptake occurs through more than one mechanism (23, 66) . In fact, it seems likely that a heterogeneous population of EVs may gain entry into a cell by more than one route. Hence, further studies are warranted regarding the specific uptake of EVs in drug delivery systems.
In this study, it is difficult to examine the effects on specific EVs released from PK-45H cells, such as exosomes, shedding microvesicles or apoptotic bodies, in PK-45P cells, because EVs were collected by ultracentrifugation. Therefore, it is not clear what type of EV has the most effect on PK-45P cells. In future, we will perform the selection of EV type using gravity separation and specific markers of each EV released from cancer cells of high metastasis and examine what type of EV exerts the biggest effect on cancer cells of low metastasis.
